ABSTRACT. Guinea pigs demonstrate "precocious" physical and functional development, with newborns displaying open eyes, hair, self-feeding, and temperature regulation. In addition, morphologic lung development is precocious in the guinea pig, with advanced alveolarization taking place in utero. To explore whether pulmonary surfactant development is also advanced, and at what stage prematurely delivered guinea pigs are capable of survival, we delivered fetal guinea pigs at 2-to 3-day intervals from day 49 of gestation to day 69 (birth). These were examined for chronologic changes in lung morphology, lung tissue disaturated phosphatidylcholine, phosphatidylglycerol and glycogen content, and serum glucocorticoid and thyroid hormone levels. Other prematurely delivered guinea pigs were given brief postnatal resuscitation and their survival noted. We confirmed advanced morphologic lung maturation, yet found that surfactant development, with antecedent hormone peaks and glycogen depletion, occurs during the final 10-15% of gestation. Lung biochemical development is thus "on time" in the guinea pig, rather than "precocious" compared to other frequently studied laboratory animals. In addition, >50% of fetal guinea pigs are capable of survival by 8 days prior to term, well in advance of premature survivability in other small-sized species. The gestation period of the guinea pig is considerably longer (69 days) than that of other commonly studied small-sized mammals (i.e hamster -16 days, rat -22 days, rabbit -31 days). Associated with this relatively long gestation in the guinea pig is a remarkable degree of physical and functional maturity demonstrated by the newborn of the species. At birth guinea pigs have full coats of hair, open eyes, and the ability to regulate body temperature and to feed apart from the mother (1). Engel (2) hypothesized in 1953 that the lung growth and development of a species should parallel the overall development present at birth. In support of Engel's hypothesis, Lechner and Banchero (3) Received Oct. 2, 1986; accepted Dec. 4, 1986 found advanced morphologic lung development in the newborn guinea pig.
The gestation period of the guinea pig is considerably longer (69 days) than that of other commonly studied small-sized mammals (i.e hamster -16 days, rat -22 days, rabbit -31 days). Associated with this relatively long gestation in the guinea pig is a remarkable degree of physical and functional maturity demonstrated by the newborn of the species. At birth guinea pigs have full coats of hair, open eyes, and the ability to regulate body temperature and to feed apart from the mother (1). Engel (2) hypothesized in 1953 that the lung growth and development of a species should parallel the overall development present at birth. In support of Engel's hypothesis, Lechner and Banchero (3) found advanced morphologic lung development in the newborn guinea pig.
We questioned whether other aspects of lung development, in addition to lung morphology, would also be accelerated in the developing guinea pig, adding further support to Engel's hypothesis. The present study was undertaken to investigate the following: I ) the developmental pattern of the surfactant system in the fetal guinea pig, 2) how surfactant development is chronologically related to morphologic development in the guinea pig lung, 3) whether an endogenous rise or peak in serum glucocorticoid and/or thyroid hormone levels precedes the maturational changes in lung morphology and/or surfactant. Finally, we sought to determine the viability of premature guinea pigs delivered at varying gestational ages, and what degree of lung morphologic and surfactant development would be associated with premature survival.
METHODS
Timed-pregnancy Camm-Hartley guinea pigs were obtained from Camm Laboratories, Wayne, NJ and maintained on standard laboratory food and water ad libitum. From gestational days 49-67, guinea pig fetuses were delivered at 2-to 3-day intervals by hysterotomy under pentobarbital anesthesia. Newborn guinea pigs (69 days) were obtained after normal parturition and sacrificed with an overdose of pentobarbital.
Lung morphology. Randomly selected guinea pig lungs from each gestational age were inflated via a tracheal cannula with 10% buffered formalin, using a constant inflation pressure of 20 cm of water (fixative). From all lungs, similarly oriented sections from each lobe were stained with hematoxylin and eosin and examined for qualitative differences at different gestational ages. We calculated percent air space on coded slides utilizing an integrating grideyepiece with five equal lines and 25 intercept bars (Zeiss) at x450 magnification. We counted the number of times intercept bars fell on lung tissue and on air spaces per field (with 30 random fields counted on each slide) and percent air space was calculated using the formula
where PA is the number of intercept bars hitting air and PT is the number of intercept bars hitting tissue. Both investigators examined all coded slides and their results were averaged.
Lung biochemistry. Other randomly selected fetal and newborn lungs were perfused immediately in situ via the pulmonary artery using cold saline. The perfused lungs were removed, stripped of nonpulmonary tissue, and homogenized in 20-30 times their weight of cold saline in a Brinkman polytron (high speed, 90s). Aliquots of lung homogenate were assayed for protein content (4) . Lipid extraction of the lung homogenates was performed according to the method of Bligh and Dyer (5) . A portion of lipid extract was submitted to thin-layer chromatog-428 SOSENKO AND FRANK raphy to separate PG as described by Touchstone et al. (6) . PG was quantitated from thin layer plates by densitometry. A second portion of lipid extract was used to measure DSPC which was separated from other phospholipids using the procedure of Mason et al. (7) and was assayed for inorganic phosphorus by the method of Morrison (8) . A known quantity of '4C-dipalmitoylphosphatidylcholine (New England Nuclear, Boston, MA) was added prior to lipid extraction and aliquots counted at each step to estimate and correct for sequential losses. DSPC was expressed as mg/g wet lung weight, and mg/mg protein. PG was expressed as percent change from 6 1 -day levels. Additional lungs at each gestational age were rapidly removed, flash-frozen in liquid nitrogen and assayed for glycogen (9) . Glycogen was expressed as pg/g wet lung weight and pg/mg protein.
Blood samples obtained from random fetuses of gestational days 5 1 to 62 were assayed for serum total cortisol, corticosterone, and T3 using specific radioimmunoassay test kits (cortisol and T3: Cambridge Medical Diagnostics, Billerica, MA; corticosterone: Radioassay Systems Laboratories, Carson, CA).
Survival studies. Premature guinea pig fetuses from days 59-66 of gestation were delivered by hysterotomy under ketamine:xylazine anesthesia (Ketalar, 90 mg/kg, Parke Davis, Morris Plains, NJ; Rompun, 10 mg/kg, Cutter Labs, Shawnee, KS). Premature pups were resuscitated briefly with heat, stimulation, and low-flow O2 administration until sustained respiration was achieved. Postresuscitation, prematures breathed room air, were returned to surrogate mothers, and were observed carefully for survival over the first 24 h of life.
Statistics were performed using Student's t test (10) .
RESULTS

Lung morphology.
The light microscopic appearance of lungs from guinea pigs at 55, 58, 63, and 69 (birth) days of gestation are seen at x450 magnification in Figure 1 (A-D) . At 55 days of gestation (A) the acinar pattern of development is immature and "canalicular," with thick septae and an airspace:tissue ratio that appears to be about 1: 1. By 58 days of gestation (B), dramatic changes have occurred. The acinar pattern now appears more saccular, with decreased tissue density, marked septal thinning, and marked increase in potential airspace. By morphometric calculation the percent airspace was 73.0 +-2.2% at 58 days, significantly different from the 55 day value of 62.2 + 2.1 %, p < 0.05. The morphologic changes which have occurred by 63 days (C) are less dramatic, with further thinning of acinar walls, prominent septal bud formation, and subdivision of the airspaces. Thinning and septation gradually progress from day 63 (C) to day 69 of gestation (D). The percent airspace calculation showed only a gradual increase from the gestational day 58 value over the final 11 days of gestation until birth (percent airspace at birth: 8 1.2 +-0.7%).
Lung biochemistry. Lung glycogen and DSPC content are depicted in Figure 2 . Glycogen content falls steeply between day 56 (33.3 f 4.6 pg/mg protein) and day 58 (1.27 f 0.90 pg/mg protein) (p < 0.05: day 58 versus day 57 values), after which it remains at low levels (at 62 days: 1.15 + 0.93 pg/mg protein). Thin-layer chromatography of lung lipid from guinea pigs ranging from 55 days of gestation to birth as well as adult guinea pigs is seen in Figure 3 . No distinct PG spot can be appreciated qualitatively or quantitated by densitometry at gestational days 55 and 58. PG can first be detected by this method in lung tissue at day 6 1, after which it continues to increase until the time of birth. Newborn guinea pig lung was found to contain greater quantities of PG (per weight of lung) than adult lung. Changes in lung tissue PG compared to 61 day levels are seen in the bottom part of Figure 4 . By 66 days of gestation both PG (Fig.  4) and DSPC (Fig. 2 ) had increased >50% above quantities found in 6 1 -day guinea pigs.
Serum hormones. The serum levels of total cortisol, corticosterone, and T3 in fetal guinea pigs from gestational days 5 1-62 are seen in Figure 5 . Both of the glucocorticoid hormones as well as T3 appear to have two peaks during this time period. At 54 days of gestation, cortisol, the physiologically important adrenal steroid in the guinea pig, demonstrates an early peak ( p < 0.05). The earlier peak in T3 occurs at 56 days ( p < 0.05) rather than at 54 days. However, later in gestation at day 59, all three lk, GLYCOGEN GESTATIONAL AGE (DAYS) hormones demonstrate significant and concurrent peaks in their serum levels ( p < 0.05). These hormonal elevations thus precede the elevation in lung DSPC and the initial appearance of PG which both occur at gestational day 6 1 (Figs. 2 and 4) .
Survival of premature animals. The top curve in Figure 4 illustrates the survival rates of prematurely delivered guinea pigs. No premature guinea pig survival occurred prior to 61 days of gestation. At gestational days 61 and 63 (8 and 6 days before normal term, respectively), 53% (8/15) and 57% (8/14) of prematurely delivered guinea pigs survived for at least 24 h postresuscitation. This survival rate reached 77% (10/13) by 66 days of gestation (3 days premature); at this time DSPC (seen in Fig.  2 ) and PG (seen in the lower curve of Fig. 4 ) had both increased by >50% above levels found in 61-day fetal animals and lung morphology had progressed to an advanced saccular stage with thin-walled airspaces and alveolar formation already apparent ( Fig. 1 C and D) .
DISCUSSION
The pattern of lung development in the fetal guinea pig is characterized by both similar and unique features when compared to the lung development of other commonly studied smallsized laboratory mammals. Lechner et al. (1 1) previously noted that newborn guinea pig lungs demonstrate a pattern of alveolarization that appears indistinguishable from the morphology of adult guinea pigs. In agreement with that study and with the work of Lechner and Banchero (3), our findings of saccularappearing airspaces by 58 days of gestation in the guinea pig, as well as remarkably thin and septated acinae in the newborn indicate that this species is "precocious" in its morphologic lung development. In this respect the developing guinea pig lung differs from that of the rat studied extensively by Bum et al. (12) and others (13) and found to have large diameter saccular structures but no detectable alveoli at birth. It also differs from the newborn rabbit ( 141, mouse ( 15), and hamster ( 16), each of which undergoes alveolarization postnatally. It has been suggested by Stith and Das (1 7) that the guinea pig (with its advanced in utero alveolarization) might be the preferred animal model for human lung development (17) . The finding of precocious morphologic lung development in addition to the advanced physical features present in the newborn guinea pig is therefore consistent with the aforementioned hypothesis of Engel (2) that lung development should parallel the species' overall development at birth.
In contrast to the much advanced morphologic lung maturation, the development of the surfactant system in the guinea pig lung follows a pattern common to most other small-sized mammals. In the guinea pig, we found a dramatic and sustained fall in lung glycogen content around day 58 of gestation, followed by a sharp rise in whole lung DSPC content and the appearance of PG in the 6 1 -day fetus. This decrease in lung tissue glycogen preceding the rise in surfactant is similar to what has been reported for fetal rabbits (1 8) and rhesus monkeys (1 9), suggesting but not proving that lung glycogen provides substrate for phospholipid (surfactant) synthesis in these species. The increases in DSPC and PG which begin -day 6 1 in the fetal guinea pig are occurring at approximately 88% of the guinea pig gestation period. This chronology is very similar to the rapid increases in surfactant which occur in the 28-day fetal rabbit (-90% of gestation) (1 8), the day 14-15 fetal hamster (87-94% of gestation) (20) , and the 20-day fetal rat (-90% of gestation) (21) . It is of interest that the pattern of surfactant maturation in the guinea pig contrasts with the pattern described for another "precocious" species, the spiny mouse (22) . Despite a relatively long gestation period (39 days) in the spiny mouse, small litter size, and neonates with fur, open eyes, and ability to thermoregulate (features similar to the guinea pig), the prenatal surfactant surge is reported to occur even later and in a more protracted fashion in the spiny mouse than in the rat or guinea pig (20, 22) .
We measured lung tissue phospholipid rather than lung lavage fluid levels of DSPC and PG in this study. For this reason our DSPC and PG values may be more representative of total surfactant DSPC and PG pools (intracellular plus intraalveolar) compared to lavage measurements, but will also represent other nonsurfactant-related sources of DSPC and PG present in the lung. In addition to the developmental pattern of lung lavage phospholipids, the development of the enzymes involved in surfactant synthesis was not explored in the present study.
Multiple studies have suggested that an endogenous glucocorticoid mechanism may play a role in surfactant development. Kitterman et al. (23) determined that a closer correlation was present in fetal sheep between plasma cortisol and DSPC increase than between gestational age and rise in DSPC. Receptor data GUINEA PIG FETAL LUNG DEVELOPMENT 43 1 indicating an increase in the number of glucocorticoid receptors in fetal lung prior to the onset of surfactant production (24) , plus adrenocorticoid ablation (25) or blocking studies (metyrapone) (21) demonstrating delays in surfactant maturation, add additional support for an endogenous glucocorticoid influence on surfactant development. Our findings of serum glucocorticoid peaks (cortisol and corticosterone) in the 59-day guinea pig, preceding the DSPC/PG rise beginning at day 6 1, are in agreement with studies from other species (23) and consistent with the guinea pig serum hormone data of Jones and Rolph (26). In addition to the role endogenous glucocorticoids may play in surfactant system maturation, there is good evidence in fetal sheep that morphologic lung development is also more closely related to fetal cortisol levels than to gestational age (23) , suggesting this hormone may influence morphologic maturation as well. In the guinea pig we found the predominant peak in serum cortisol and corticosterone to be at 59 days, following the dramatic changes in lung morphology found to occur between 55 and 58 days of gestation. It is possible, however, that the earlier steroid peak in the guinea pig, occumng at day 54, may be specifically influencing the changes in lung morphology seen over the next several days of gestation, without affecting the surfactant system at this time.
The role of endogenous thyroid hormone in surfactant and morphologic lung development is less firmly established than for glucocorticoids. Lines of evidence such as studies of Cunningham et al. (27) and Erenberg et al. (28) , demonstrating delays in tracheal fluid lecithin/sphingomyelin ratios and retarded histologic lung maturation in thyroidectomized fetal sheep, do support the influence of thyroid hormone. The guinea pig does demonstrate an early Tj peak at 56 days, around the time of the major histologic progression of maturation, and a later peak at 59 days, preceding major changes in lung tissue DSPC and PG. In our study, the associations between thyroid and glucocorticoid hormones and morphologic and surfactant maturation are temporal ones and although suggestive, do not actually prove cause and effect relationships.
Our study demonstrated a greater than 50% survival for fetal guinea pigs delivered at 61 days (88% of gestation) and treated with no intensive care aside from immediate postnatal resuscitation. Survival for rats delivered 3 days prematurely (86% of gestation) has been reported at <lo% (29) . Similarly, the majority of rabbits delivered at 27.5 days (88% of gestation) will die without vigorous support (30) . Thus, with respect to its premature survival, in addition to its morphologic lung maturation, the guinea pig appears precocious compared to other small mammals frequently utilized for lung development studies. By 6 1 days gestation when >50% of prematurely delivered guinea pigs survive, lung morphologic development has advanced beyond lung biochemical development (with DSPC just beginning its rise at this time and PG only beginning to appear).
In summary, the maturation of the guinea pig is one of interesting contrasts. At birth after an extended period of gestation, the newborn guinea pig shows "precocious" physical, physiologic and morphologic maturity. If delivered prematurely at 61 days of gestation, more than half of these "premies" will survive. The prenatal guinea pig lung demonstrates dramatic changes in lung morphology significantly earlier than comparable species. The pattern of surfactant development, on the other hand, with antecedent hormone peaks and glycogen depletion, occurs at a time in gestation and with a pattern very much like that found in frequently studied "nonprecocious" small-sized mammals. With its prenatal alveolar formation and the capacity for premature survivability, the guinea pig may be a useful small-sized model for the study of lung development as well as the effect of various clinical interventions in the human premature infant.
